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The WA97 experiment has measured the transverse mass (m
T
) spectra for negative
hadrons (h
 
) and strange particles produced at mid{rapidity in Pb{Pb collisions.
The increased statistics of analysed data samples allowed us to perform a study
of the spectra of K
0
S
, , , 
 and h
 
as a function of the collision centrality. The
data, which correspond to the most central 40% of the total inelastic cross section,
have been divided into four centrality classes according to the estimated number of
nucleons taking part in the collision. The m
T
spectra, analysed separately for each
centrality bin, exhibit only weak ( 15%) centrality dependence. The deviation of
the 
 inverse slope from the linear dependence on the particle mass is conrmed
even for the most central Pb{Pb collisions.
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The systematic study of ultrarelativistic heavy ion collisions forms an important
part of experimental activities at the BNL AGS and the CERN SPS. The investigation
of properties of nuclear matter at extreme conditions is motivated mainly by the QCD
prediction that at suÆciently high energy density the excited nuclear matter undergoes
a phase transition into a system of deconned quarks and gluons (Quark{Gluon Plasma
- QGP). A number of experimental signatures which should signal the QGP have been
proposed. For a recent review see e.g. [1, 2].
Strange particles, produced in high-energy heavy-ion collisions, are expected to be
a powerful tool for the study of reaction dynamics. In particular, the enhanced relative
yield of strange and multi-strange particles and anti-particles in central nucleus-nucleus
interactions, with respect to proton induced reactions, has been suggested as one of the
signatures for a phase transition to a QGP state [3, 4]. It is expected that the enhancement
should be more pronounced for multi-strange than for singly-strange hadrons [5].
An enhanced production of strange particles in heavy-ion collisions has been ob-
served both at AGS and SPS energies. The enhancement in kaon production at the AGS
[6], and perhaps also at the SPS [7, 8], can be understood within the hadronic scenario (see
e.g. [9]). On the other hand, the data on multi-strange baryon and antibaryon production
in Pb{Pb collisions at the SPS, where the 
 enhancement reaches more than one order
of magnitude [10, 11], are diÆcult to explain without a QGP production mechanism.
In this paper we shall concentrate on the analysis of transverse mass spectra for
strange and multi{strange particles measured by the WA97 experiment. The transverse
mass spectra of particles produced in ultrarelativistic nuclear collisions are sensitive to
the collision dynamics. The presence of strong radial ow in Pb{Pb collisions at the
SPS energy was deduced from the systematics of experimental data on non-strange and
singly-strange hadrons, which suggest a linear increase of the inverse slope T with the
particle mass m [12, 13]. Such a behaviour can be expected in a scenario where a thermal
motion is coupled with a transverse collective expansion of the system [14]. The combined
analysis of two-pion correlation functions and transverse mass spectra [15] made it possible
to separate contributions to the `apparent temperature' T from a common freeze-out
temperature (' 120 MeV) and from a transverse ow (with average velocity 
?
' 0:55).
The WA97 measurement of the 
 inverse slope, presented for the rst time in [16]
and conrmed later with higher statistics [17], does not t this picture.
The compilation of data on the m
T
inverse slopes as a function of the particle mass
from the NA44 [12, 19, 20], NA49 [13, 21, 22, 23] and WA97 [17, 24] experiments is shown
in g. 1. The measured slope of the 
 (and perhaps also the ) is signicantly smaller
than expected from the general trend, shown in the gure by the dotted line to guide
the eye. This observation favours a scenario in which, in Pb{Pb reactions, multi{strange
hadrons freeze out rather early before most of the transverse ow has developed [18].
The published NA44 and NA49 inverse slopes correspond to the most central events
(' 5%), while the centrality range of the WA97 data is wider: ' 40% of the most central
interactions. Therefore, for a detailed study of the 
 inverse slope anomaly, an analysis
of the centrality dependence of the WA97 transverse spectra is essential. This is the main
goal of the present work.
In general, knowledge on the centrality dependence of m
T
spectra is rather scarce.
For Pb{Pb collisions, data from the WA98 experiment on 
0
production [25] and from
NA45 on negative particles (h
 

































Figure 1: Dependence of the m
T
spectra inverse slopes T on the particle mass m for Pb{
Pb collisions at SPS energy. The line represents an approximation of the RQMD model
calculations for non-strange particles [18].
lished. Recently the NA49 collaboration has presented the centrality dependence of aver-
age p
T
for pions, kaons and protons [8]. All three experiments reported, at most, a weak
centrality dependence.
2 The WA97 experiment
The WA97 experiment is designed to study strange particle production at central
rapidity in Pb{Pb collisions as a function of the strangeness content of the particles
and of the number of nucleons taking part in the collisions. In order to cope with the
high track density in Pb{Pb collisions a powerful tracking device based on silicon pixel
detectors has been utilized. This ensures the capability of the experiment to perform an
eÆcient pattern recognition, precise momentum measurement and reliable reconstruction
of V
0
decays and multi-strange cascade decays. A current status of the experiment and a
review of the recent results are presented in [27].
2.1 Experimental apparatus
The experimental set-up is shown schematically in g. 2. The 158 A GeV/c lead
beam from the CERN SPS is incident on a lead target with a thickness corresponding to
1% of an interaction length. Scintillator detectors (`petals') behind the target provided
an interaction trigger selecting the most central  40% of Pb{Pb collisions. Two planes
of microstrip multiplicity detectors covering the pseudorapidity region 2 .  . 3 and
3 .  . 4 respectively, provided information for a detailed o-line study of the centrality
dependence of particle yields and spectra.
The core of the WA97 set-up is a silicon telescope consisting of 7 planes of the novel
pixel detectors [28] which have a pixel size of 75  500 m
2
and of 10 planes of silicon
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Figure 2: Sketch of the WA97 set-up.
' 0.510
6
detecting elements. It acts as a pixel tracking chamber (PTC). This precise
tracking device was placed 60 cm downstream from the target slightly above the beam
line and inclined by 48 mrad, pointing to the target, in order to accept particles with
central rapidity and medium transverse momentum.
The reconstruction of tracks is done in the compact part of the PTC, where 11
planes of silicon detectors are closely packed over a distance of 30 cm. The momentum
resolution for fast tracks is improved using lever arm detectors, which consist of additional
pixel and microstrip planes and of three MWPC's with a cathode pad readout.
The target and all detectors (except for the pad chambers) are placed inside the ho-
mogeneous 1.8 T eld of the CERN Omega magnet. The experimental set-up is symmetric
with respect to the magnetic bending direction and, therefore, its geometrical acceptance
is the same for particles and antiparticles.









hyperons and their antiparticles were identied
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We have also analysed a reference sample of negatively charged particles (h
 
).
The acceptance windows for the particles under study are shown in g. 3. Owing
to the symmetry of Pb{Pb collisions, the reection of data with respect to mid-rapidity




























































Figure 3: WA97 acceptance regions for particles produced in Pb{Pb collisions. The win-
dows, reected with respect to mid-rapidity (y
cm
= 2.91), are drawn with dashed lines.
The extraction of the strange particle signals is performed using geometric and
kinematic constraints. Details of the selection criteria used for the particle identication
and for background suppression are discussed in [24, 29]. In the reconstructed strange
particle mass spectra (see, e.g. [29]) the mass resolution is better than 6 MeV/c
2
(FWHM).
2.3 Data samples and corrections
The results presented in this paper are based on the analysis of a data sample
consisting of 110 million Pb{Pb events. The experimental data have to be corrected for
geometrical acceptance and for detector and reconstruction eÆciency. For the  and 

data samples (1685 and 203 particles respectively) we have applied an individual weight
calculation for each particle. This turned out to be a precise, but very CPU-intensive





,  and  only a
small fraction ( 1%) of data were corrected by individual weighting. Statistics in the data
samples corrected by event-by-event weighting does not exceed 2000 particles/sample.
For the present study we have also used high statistics samples of h
 
and singly-
strange particles. To do this corrected m
T
spectra have been obtained by applying a
method of unfolding the measured distributions (deconvoluted spectra). Statistics for
these particles is & 10
5
events/sample.
Consistency tests demonstrated the full compatibility of m
T
spectra from individu-
ally weighted and deconvoluted data samples. The main features of both methods used for
4
the data correction, and a comparison between them, are described in the Appendix. As a
consistency check, lifetimes of K
0
S
,  and  particles were calculated by the deconvolution
method (see A.4).
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The data have not been corrected for feed-down. In the geometry of our experiment
the feed-down from weak decays is expected to be of minor importance. It is estimated
to be less than 5% for  and less than 10% for .
2.4 Centrality classes
The WA97 multiplicity detectors allow us to study particle production as a function
of collision centrality. As a measure of centrality we use the average number of participants,
i.e. nucleons participating in the collision hN
part
i. This is calculated from the measured
charged multiplicity in the framework of the wounded nucleon model [30]. The basic
assumption of the model is that the average charged particle multiplicity is proportional to
hN
part
i. The wounded nucleon model is found to provide a good description of the corrected
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Figure 4:Wounded nucleon model t to the multiplicity distribution. The four multiplicity
classes, used in the data analysis, are indicated.
The result of the t is presented in g. 4. We use four multiplicity classes in the
centrality analysis. They are indicated in the gure by dashed lines. The bin widths
were chosen so as to contain similar numbers of multi-strange hyperons in each bin before
weighting. The data in the rst multiplicity bin are corrected for the eect of the centrality
trigger. The data samples for multiplicity class IV, corresponding to the most central
' 3:5% of the total inelastic Pb{Pb cross-section, are close in centrality to the NA44 and





) distributions for each particle and for each multi-


























is the transverse mass, assuming the rapidity distribution to be
at in our acceptance region (f(y) = const:) and leaving the inverse slope T as a free
parameter of t. The t was performed using the method of maximum likelihood for the
weighted spectra and the minimum 
2
for the deconvoluted spectra. Preliminary data on
the rapidity distributions of the singly-strange particles (deconvoluted spectra) support
our assumption on the atness of the rapidity distribution near mid-rapidity [32].
3.1 Transverse mass spectra
The inverse slope parameters T of transverse mass spectra for h
 
and strange par-
ticles measured in Pb-Pb collisions, in the full acceptance and centrality range accessible
to the experiment, are summarised in table 1.
Table 1: Inverse m
T
slope parameters T for Pb{Pb interactions.




























,  and  the slopes were determined from high statistics data sam-
ples by tting expression (1) to the deconvoluted (y;m
T
) spectra. For negative hadrons,





is worth emphasizing that new precise data on K
0
S
,  and  inverse slopes are in good
agreement with our previous results [24]. For completeness we present in the table also
our recent results on multi-strange hyperons [24].
As one can see from g. 1, the inverse slope values for singly-strange particles follow
the general trend (linear increase of T with the particle mass), considered as evidence for
collective radial ow [12, 14, 33], but the slopes for multi-strange particles do not.
The inverse m
T
slopes for  and  are very similar, while a decrease in T is observed
for the heavier 
 hyperon. As mentioned in Section 1, this behaviour can be understood in
terms of a scenario where the transverse ow develops late, after most of the multi-strange
particles have already frozen out [18].
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3.2 Centrality dependence of inverse slopes
To investigate the observed 
 inverse slope anomaly in detail we have performed
a centrality dependence analysis of the m
T
-spectra. We have tted the corrected experi-







,  and  the deconvoluted m
T
spectra, based on high statistics data











































































































,  and  shown separately for the four
centrality classes. Data for the most central events are shown on the top, data for the
most peripheral events (divided by 10
3






 we use all available data, corrected by the individual weighting
method. The m
T

































































































 shown separately for the four
centrality classes. Data for the most central events are shown on the top, data for the
most peripheral events (divided by 10
3
) in the bottom of each picture.
The lines, superimposed on the m
T
spectra in gures 5 and 6, are the exponential
functions with T values resulting from ts.
The transverse mass spectra for K
0
S





 are described satisfactorily
by an exponential function in all the accessible m
T
regions (up to ' 3 GeV/c
2
).
As can be seen in g. 5, the m
T
distribution for negative hadrons, dominated by
pions, exhibits a more complicated behaviour. The substantial contribution of pions from
resonance decays to the low transverse mass region results in a steepening of the m
T
spec-
trum. In order to exclude the region where slow pions from resonance decays are mostly
concentrated, we restricted our centrality analysis of h
 
to the intermediate transverse













), where the admixture of pions from resonance decays is negligible. In this
region the inverse slopes T are, for all centrality bins, close to 240 MeV, in agreement with
the recent NA45 results [26]. The similarity of this slope parameter with that for kaons
8
is consistent with the theoretical expectation that for a thermalized expanding reball in
the relativistic region (p
T
 m) all particles should have the same slope [14].
The dependence of the inverse slopes T on the number of participants N
part
, resulting
from the ts to m
T




























































































Figure 7: Dependence of m
T






slopes appear to be constant in the N
part
> 100 range. Values of
T for , , and probably also for 
 
, exhibit a slow but steady rise, up to 15% in the
centrality range under study. The inverse slopes of 
+
and 
 spectra do not exhibit a
signicant centrality dependence. This indicates that the 
 inverse slope anomaly (see
g. 1) is present in all our centrality range.
9
The mass dependence of inverse slopes, measured for the most central bin (hN
part
i '






















Figure 8: Mass dependence of inverse slopes for the most central Pb{Pb events measured
in the WA97 experiment.
The dotted line indicating the general trend is the same as in g. 1. The deviation
of the 
 slope from the linear mass dependence is clearly seen for our most central Pb{Pb
events, which are close in centrality to the NA44 and NA49 data plotted in g. 1.
4 Conclusions
We have analysed the transverse mass spectra of negative hadrons and strange
particles produced in Pb{Pb collisions at 158 A GeV/c.
The centrality dependence of the inverse slopes T for all particles under study is
found to be weak and does not exceed 15% in the centrality range N
part
> 100.
The measured inverse m
T
slopes T of singly-strange particles are in good agreement
with the recently observed linear increase of T with the particle mass. However, the 

inverse slope deviates signicantly from this linear dependence, suggesting that, in Pb{Pb
collisions, multi-strange baryons decouple early from the hot and dense expanding system
[18]. This deviation is seen for Pb{Pb collisions in all our centrality range.
Appendix A: Data correction methods
Two methods have been used to extract the experimental distribution of measured
particles:
a) individual weighting of each reconstructed particle,
b) deconvolution of measured spectra.
Here we describe the main points of both methods.
The objective is to measure the distribution f(x) of the physical variable x. The
variable x can be multidimensional, e.g. in the case of the two body decay of a particle
10
(for example ) there are six components of x:
x = fy;m
T
;; ; ; g
where y is the rapidity, m
T
is the transverse mass and  is the azimuthal angle of the
particle in the laboratory,  is its lifetime and  and  are angles determining the direction
of the decay products in the rest system of the decaying particle. Let us divide these six
variables into two groups:
- variables for which we want to nd the distribution f (denote these as s
0
). In the






- variables for which we assume the distribution f to be known and we integrate over
them. Let us denote them t
0
= f; ; ; g.




) is distorted due to the eects
of the limited acceptance, detector and reconstruction eÆciency, as well as the nite
resolution of the detector. Instead of s
0
the quantity s is measured with the distribution
















The function A describes the response of the detector including acceptance, eÆ-
ciency and resolution. The function A is not known explicitly. It can be determined by a
Monte-Carlo (MC) simulation of the detector.










Moreover, all variables included in t
0
are assumed to be independent.
A.1 Weighting method










is used. The approximation is justied by the fact that the resolution of our detector is
much better than the magnitude of the parameter we want to determine. (The inverse
slopes of transverse mass distributions are in the range 200 - 300 MeV for the transverse
momenta in the range 300 MeV/c to 3 GeV/c and the resolution is of the order of 1%).



















is the weight for the particle with the kinematical characteristics s (in our case s represents
the rapidity y and transverse mass m
T
).
The weight for each particle is calculated by a MC procedure with the following
main steps:
11
(1) For each observed particle a sample of MC particles with the measured values of
y and m
T
is generated. They are propagated, using the standard simulation tool
GEANT [34], through the experimental set-up.
(2) To simulate background conditions, the hits corresponding to each MC particle and
their decay products are embedded in a real event with similar characteristics to
the one with the observed particle.
(3) The mixed events are processed with the same chain of programs (track nding,
signal reconstruction and selection) as the real data.
The resulting weight is the number of MC particles generated divided by the number
of MC particles succesfully reconstructed.
A.2 Deconvolution method
Here we follow the general principles of unfolding methods (see e.g. review [35]). We
convert the equation (2) to a discrete form using the matrix representation:
g = Af (3)




; : : : ; g
N




; : : : ; f
N
] is the
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0 g
2
0 : : : 0
0 0 g
3






































The matrix A has to be determined. This calculation is based on the detailed sim-
ulation of the WA97 detector response.





; : : : ; A
N1
] (4)
which is the rst column of matrix A . Using an input vector with only one non-zero
element at the i  th place gives us the i  th column of matrix A.
The determination of the matrix A is technically similar to the weight calculation,












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































As a consistency check of the unfolding procedure the lifetimes of K
0
S
, ,  parti-
cles were determined. A two-dimensional deconvolution in the variables  and m
T
was
performed. The rapidity was restricted to a narrow window 2:9 < y
lab
< 3:3 for  and
 particles and to 2:8 < y
lab






























is the lifetime of a given particle (K
0
S
, , ). The  projections of
(;m
T
) deconvoluted spectra, corrected for the m
T

























































= 2:6 0:1 cm
c

= 7:6 0:5 cm
c

= 7:5 0:9 cm:
A good agreement of these results with the PDG values is obtained, showing that
our unfolding procedure is satisfactory.
We are grateful to U. Heinz for fruitful discussions and useful comments.
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